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BLADES ON TURBOJET-ENGIRE PERFORMANCE

By Wilgon B. Schramm, Alfred J. Nachtigall
and Vernon L. Arne

SUMMARY

The effects of turbine-blade cocling on engline performence were
analytically investigated for a turbojet englne in which cooling air
is bled from the englne compressor. The analysis was based on the
measured performance and operating conditions of a typlcal uwncocled
axial-flow turbojet engine in order to obtain a fixed besis for com-
parlison between operation with two cooled-blade configuretions and
the performence of the uncooled engine.

The caelculatione were made for & constent turbine-inlet tem-
perature, engine speed, end flight Mach number over a range of
altlitudes. The analysis conslidered the effects of heat transfer on
coolant requirements, blade-cooclant-pessage pressure drop, and tur-
bine performance as well as the effects of heat logs, compressor
bleed, cooclant pumplng requirements, and other factors on engine
performance. As a part of the anmslysis, the minimm cooling require-
ments permitting substltution of nonstrategic metals in turbine
blading and the desirable characteristics of high-temperature turbo-
Jet englines were also consldered.

The results indicated that, for & constant turbine-inlet tem-
perature and engine speed, air cooling of the turbine blades increased
the specific fuel consumptlion and decreased the thrust of the engine.
For a given coolant flow, the percentege increasse in specific fuel
consumption was lese than the percentage decrease ln thrust, relative
{0 the uncooled englne. The regqulred coclant-flow retioc, defined as
the ratlo of coolant welght flow to compressor-air welght flow,
increased with altitude. Because of the high coclant-supply pressure
required, 1t was generally necessary to bleed the cooling air from
the compressor.

The highest possible cooling effectiveness was desirable to
minimize the coolant welght .flow and 1ts effects on engine performence.
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The analysis indicated that appreciable reduction in blade;alloy
content may be feaslble with some secrifice in over-all engine
performence. The application of cooled turbines to permit operation
at high turbinewinlet temperature with appropriate modiflications

in design of other componente offers possibilities of improvement

in performence at both maximum-power and maxlmum-range conditions
and Improved flexibility 1n englne and alrcraft operation.

INTRODUCTION

Thecretlcal studles of turbojet-engine cycles indicate that
substantial gains 1in aircraft performance can be obtalned with engine
operation at gas temperatures that are beyond the temperature limi-
tations of current uncooled turblnes. It 1s evident that the high-
temperature turbine regquires cooling to permlit operation wilth
currently available materlals, although the engine performance is
diminished by the effects of coolling losses. Another use of cocled
turbines 1ls to provide satlsfactory endurance at current gas tem-
peratures, with low-temperature materials having & minimum content
of strateglic alloying elements that could become inaccesslble in an
emergency.

The previous analyses of turbine cooling, such as the blade~
cooling studies reported in reference 1l, were made for the purpose
of determining which bhlade conflguretions had the necessary cooling
cepacity to offer possibility of substantial increases in ggs tem-
perature or reduction in strategic-metals usage. In reference 1
it 1s recognized that the cooling losgses might alter the relative
comparison of configurations and the extent of desirable lncrease
in gas temperature or reduction in use of strategic metals.

An anslysis of the effects of alr cooling on engine performance
at current gas temperature was made at the NACA Lewis laboratory. The
purpcse of this report 1s to present results illustrating the relative
megnitudes of the effects of air cooling for two blade configurations
and several possible blede metals. The future potential performance
and design requirements of ilmproved air-cooled turbolet engines are
alsc consldered.

In order to make a detalled anslyesis of these effects, know-
ledge of the turbine geometry and operating conditions is essential
in evaluating heat-transfer characteristics under verious f£light
conditions. Consequently, most of the anslysis presented in this
report conslders only application of an alr-cooling system to a
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typical turbojet engine, for which the uncoocled performance and the
operating conditione are known from engine tests. The use of a given
engine as a basis for the anglysis hes dlestinct advantages in com-
perison with an ordinary cycle analyslis because 1t permlits study of
altitude effects and the effects ©of cooling on compressor and turblne
operation. Thls method also provides a fixed besis for comparison
between the cooled and the uncooled engine and ls generally more
reallstic than the simplified cycle analysis.

Some assumptlions, which affect the significance of the finsl
results, are required in the cooling analysis although the methods
include most of the variables. With any specified allowable blade-
metal temperature distribution, the analysis provides good comparative
evaluation of ailr-cooling systems. The greatest uncertalnties are
found in the speclfication of the allowable metel -temperature dis-
tribution in the blede as & function of the alloy content and
physicel properties of the metel, and the behavior of the metal
under the uncertalin tempersture and stress conditioms prevalling
in the actuel engine.

ANATYSIS

The proposed turbine configuration that hes been used as a
basis for the present anslysils 1s illustrated iIn flgure 1. The
figure shows a half section of the turblne rotor and caslng, and
part of the Jet-nozzle assembly. The combustlon gases are intro-
duced from the left side of the figure into the turbine stator and
rotor blading and subsequently pass downstream into the Jet nozzle.
The rotor-blade cooling air, bled from the compressor, is intro-
duced through a supply pive to the stetionary diffusing section at
the turbime hub and passes into a2 vaned shroud (on the downstream
face of the wheel), which carries the air to the blade base. The
cooling alr then passes- through the hollow rotor blade and l1a dis-
charged at the tip to mlx with the main flow of working flulid. In
this analysis, the stator blades are also considered to be cooled
with compressor air introduced through an external menifold. The
air passes down the leading portion of the stator blade and is
discharged from smell holes distributed over the trailing portion
of the blade to achieve a film-cooling effect.

Two types of rotor blade are consldered in the analysis, both
of which Incorporate speclal modlficationas to improve control of
blade temperature. The two blade-coolant-passage configurations
ere 11llustrated in figure 2.
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Outline of Analysis

The ocutline of the anelysis logically falls intc three mein
atepa: First, the coolant flow required at any glven set of con-
ditions 1s established; second, the flow conditione of pressure and
temperature through the blade passage and rotor supply shroud are
determined in order to establish the requlred supply pressure and
temperature of the air et the hub of the turblne rotor; and finally,
the witimate effect of the cooling on Jet-nozzle conditlons, engine
thrust, and specific fuel consumption are computed. These steps
are conslidered in greater detail in the followlng sections.

Determination of coolant-flow requirements. - The blade-metal
temperature distribution is primerily dependent on the radial gas-
tempereture dlstribution, the coolant~inlet temperature at the
blade root, the blade-profile heat-transfer coefficient, the coolant-
passage heat~transfer coefficient, and the configuration of the
coolant passage. These variables can be expressed in equatlions
within limitatlions that are briefly discussed later in the report.

In this analysis, the coolant -tempereture at the blade root is
arbltrarily speclified at a constent value for all caleulatioms
inegsmich ag the air temperature at the point of compressor bleed 1ls
unknown in the first stage of the anslysis. It 1s therefore assumed
that the temperature of the cooling air supplled at the turbine hub
can be controlled by & heat exchanger so that the speclflied tem-
perature at the blade root is obtained. The practical necesslty of
providing this air-temperature control is subsequently discussed.

In determining the reguired coolant flow, the known englne cperating
conditions for any selected flight condition are used to evaluate

the blade Reynolds number and the outside blade-profile heat-transfer
coefficient. For a speclfied coolant-passage configuration and
allowable metel temperature distribution, 1t is possible to determine
the welght flow of coolant required, at the specified turbine-inlet
g8 temperature and the specified inlet coolent temperature at the
blede root, with consideration of the effects of heat transfer and
centrifugal compression on the cooling-air temperature as it passes
throuvgh the blade. Essentlally the process i1s a trail-snd-error
solution for the passage heat-transfer coefflclent that ylelds the
desired motal-temperature distribution. The rotor coolant welight
flow for any set of conditliona can then be nondimsnsionally expressed
by dividing by the toteld compreesor-ailr welght flow that was
initially used in evaluating the blade Reynolds number and heat-
transfer cocefflclent. This ratio, designated the coolant-flow ratioc,
can then be evaluated for a range of flight conditions lnasmuch as
the variations of engine-gas welght flow end compressor pressure
ratio, vhich affect the hest-transfer coefficlents, are known from
tests.
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The stetor-blade coolant-flow requirements for thls perticular
anslysis were estimated from limited data for film-cooled blades
presented in reference 2. A fixed stator coolant-flow ratio of 0.0L
appeared adeguate for all conditions. No allowance was made for
cooling of such components as the turbine casing and Jet-nozzle
assembly.

Analysie of flow condltions in cooling passage. - After the
coolant-flow requirements for the rotor blade have been evaluated,
the flow condlitions in the cooling passage can be analyzed to deter-
mine the Mach number dilstribution in the passage and, subsequently,
the required pressure at the blade rcot. The analysis of Mach num-
ber distribution is made according to methods given in reference 3,
and takes into account the effects of centrifugal compresslon, frictiom
losses, momentum change due to heat transfer, and changes in flow
area. Either a pressure rise or a pressure drop may occur from blade
root to tlp depending on which of these effects predominates. The
rise in pressure and temperature of the cocoling air from rotor hub
to blade rooct 1s then used to evaluate the external supply pressure
required to pump the cooling alr and the supply-alr temperature per-
mlssible at the turbine-rotor hub to melntalin the specifled cooling-
a.:}r temperature at the blade root.

Cooled-turbine operating condltions and performesnce. - Up to
this point In the anslysis, the known operating conditions of the
mcocoled engine are used as a first approximetion to determine
coolent-flow and coolant-supply conditions. New turbine operating
conditions are then computed for the cooled engine and the effect on
engine thrust and specific fusl consumpition is thereby estimated.
The cooling-air-supply pressure that has been determined fixes the
bleed point on the englne compressor for the rotor coolant. The
stator coolant is bled from the compressor discharge. The power
required of the turbline expansion, including the external pumping
through the main compressor and the internal pumping through the
gbroud and blade passage, can then be determined. This power must
be extracted from the reduced weight flow of working fiuld evailable
to the turblne; therefore the speciflc turbline work is incresssd.
This increased specific turbine work and the heat transferred from
the working fluld to the coolant are used in determining the new
‘turbine-discharge condltlons. The mixing of the rotor coolent with
the main working fluld further reduces the temperature downstream
of the turbine. The net effect of cooling is a reduction 1n the
Jet-nozzle total temperature and pressure ratio. The effect of
bleeding the compressor to ¢btaln air for cabin pressurization end
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conditioning, suxilisries, or deicing 1s analyzed in reference 4.
The method of reference 4, however, 1s not appliceble to this
enalysls because 1t does not conslider reintroduction of the bleed
air into the Jet nozzle.

Assumptions

Many assumptlione are necessary in order to meke this snalysils,
although 1t is believed that the significant variables are con-
gldered. The agsumptlions may be divided Intoc two classes, those
used in the development of the analytical methods, end those used
in thieg perticular application of the methods.

Assumptions in development of analysis. - The most significant
assumptions made in the development of the methods are as followas:

A one-dimensioneal blade-temperature dlstrlidbution is used in
which blade temperature at any radlasl cross section 1s comstant.
Experiments have shown thet the temperatures of the leading and
tralling edges of cooled blades are considerably higher than the
temperature of the main portlon of cooled blades simllar to the
blades of figure 2, which déo not have special provision for leading-
and trailing-edge cooling. The leading- and tralling-edge tem-
perature gradients are not consldered in determining the required
coolant flow, end the blade temperatures obtalned are therefore
average tempersatures over the midchord section of the blade. The
anslysls makes use of a simplified form of the one-dimensional
equation, the derlvation of which requires the additional essump-
tions that the gas-temperature proflle is uniform, that the blade-
geometry and inside and outside heat-transfer cosefficients have a
mean value .over the span of the blade, and that the radiation and
conduction effects can be neglected.

As shown in reference 3, the one-dimenslonel analysis can be
used 1o consider the effects of the rediel varistion of inside and
outslde heat-transfer coefflcients, blade gecmetry, and radial
turblne-inlet gas-temperature profile, which is the strongest
influence in the blade-tempersture distribution. The scluticn with
radlal varietions, however, requires the use of tedious numerical-
Integration procedures and for the comparative resulits desired in
this anelysis the additional sccuracy that could be obtained was
wmJuatified. ’

As shown in reference 5, neglect of radlel conduction to the
blade root generally introduces 2 negligible errcr in computing

~
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blade-temperature distributlon and coolant-flow reguirements for
blade dimensions such as used in these calculations. Neglect of
radlation to the blade inirocduces some deviatlion In blade temper-
aturee but has little effect on comparative results. The analyses
in reference 5 indicate that &t a2 gas temperature of 1900° F,
neglect of the predominant nozgle radiatlion may result in a uvniform
error of*25° F in the spanwise blade-temperaturs profile when the
turbine nozzles are uncooled. (See fig. 8, reference 5.)

The effect of assuming constant geomstry, heat-transfer
coefficients, end gae propertles is illustrated in Fflgure 3 for the
finned-blade pessage showa in figure 2. A typicel redlal temper-
ature profile of the gae &t the turbine inlet and its effect on
the one-dimensionsl radisl blade-temperature distribution computed
for different assumptions is presented in figure 3. These results
are taken from reference 3. The dot-dash curve represents the
case in which radisl variation of Internal and extermal geometry,
relative gas velocity, Internal and externel heat-trahsfer coeffi-
clents, and physical gas properties are considered. Assumption of
constant mean values for all variebles except gas tempersture results
in the Pblade-temperature profile given by the dashed line. The com-
puted temperatures. are conslderably higher near the tip of the blade
but are comparable for radisl blade stations between 0.2 and O.6.
Both temperature dlstributions are for a rotor coolant-flow rstio
of 0.02, and in both cases the blede-metal temperature distribution
resembles the gas-temperature profile. The effects of changes in
shape in gas-temperature profile are discussed later inasmuch as it
is a design condition that may be Iimposed.

The physical significance of the assumption of one-dimensional
blade-temperature distrlbution is thet the blade configuration would
have to be modified to allow, insofar as is posslble, uniform cooling
of the profile, at the same time retalning the essential performance
and flow characteristics of the original uncooled turbines.

Analysis of the effects of heat transfer, fricitlon, centrifugsl
compression, and geomstry in the blade passage ls based on cne-
dimenslional equatlons given In reference 3. It is believed thet with
the smrll passages that occur in cooled blades essentially one-
dimensional flow will exlst. Reference 3 also shows that solution
of the equations for Mach number and pressure distribution is practi-
cally wnaffected by the use of constent heat-transfer coefflclents
and uniform turbine-lnlet gas-temperature profile, as was assumed in
this analysis. In determining the passege-~-flow characteristics, the
static pressure that preveils inside the passage at the blade-tip
section 1s assumed equal to the turbine-discharge total pressure and
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the entire veloclty head of the cooling air as 1t emerges from the
tip ie assumed lost. In reference 6, 1t 1s shown that a large pert
of the kinetic emergy of the cooling alr can be recovered as resction
if the blade tips are especially deslgned for recovery.

In the analysis of cooling losses and thelr effect on engine
operation, several esdditional sssumptions are mede. The stator and
rotor cooling air are not coneldered as part of the turbine working
fluld but are consldered as part of the Jet-nozzle gas welght flow.
It is also assumed that the compressor operating point 1s wmaffected
by the interstage bleed for cooling azir and thet the stator and
rotor blading for the cooled engine cen be redesigned 1n order to
mintain metched compressor operation and to extract the higher
gpecific work from the reduced weight flow of working fluid aveilsble.

Assumptions in application of analytical methods. - In the
application of the analyticel methods previocusly outlined for deter-
mining the coolant-flow reguirements, additional assumptions were
made that have no bearing on the methods or eguations but affect
the numerical results. It 1is currently necessary to use blade-~
profile hest-transfer correlations that have been obtalned with
static carscades of blades and ccolant-pessage heat-transfer corre-
lations that apply for twbes. In both cases the effect of cen-
trifugal forces cn the heat-transfer coefficlent ie neglected, and
for this reason it is expected that the numerical results mey be
somewhat optimistic. Regardless of absolute magnitude, however,
the use of such correlstions introduces Reynolds number effects
into the cycle calculations and makes the computed engine variables
gensitive to the maln parameters thet affect heat trensfer. It is
belleved that the trende that are Indicated in the resulis wlll not
be seriocusly affected when more applicable heat-transfer deta become
avallable.

Except where otherwise noted, a flight Mach nimber of 0.788, a
wiform turbine-inlet temperature of 1500° F, an engine speed of
7600 rpm, and a relative total inlet cooling-ailr temperature of
300° F are used throughout the analysis. An ellowence was made for
heating of the cooling alr as it passed radially ouwtward along the
face of the turbine wheel and the required amount of intercoolling
between compressor and turbine to control the cooling-air temper-
ature was computed. No extra losses duwe to pressure drop in the
intercooler were consldered and it was assumed that the heat was
rejected to the fuel; thus no calculaticn of momentum losses due
to supplying ram air for the heat sexchange were necessary 1n the
analysls of over-all engine performence.
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Design Conslderations

The control of blade-temperature dlstribution is dependends om
a number of other factors, which influence the initial design of the
engine and the blading. Some of these factors are the geometric
configuration of the coolant passage, the radial temperature profile
of the gae, and the exlstence of locel temperature gradients in the
profile. The manner in whlch these factors enter the setup and the
evalvation of the apalysis is Indlcated in the following section:

Significance of blade-cooling-passzge configuration. - The
coolant-passage confliguretion influences the coolant-flow reguire-
ments and the pressure drop or pressure rise of the cooling-alr flow
as 1t pesses through the blade. Ram alr is generally not at
sufficient pressure to supply the required cooling elr flow; the
engine compressor must therefore be bled, which in Hurn complicetes
the design and affects engine operation.

Three types of alir-cooled blade in order of increasing effec-
tiveness are: +the plain hollow blade, the hollow blade wilth insert,
and the hollow blade with fins in the coolant passage. The effec-
tiveness 1s defined as the difference between effectlve gas tem-
rereture and blade-metal temperature divided by the difference
between effective gas temperature and inlet coolant temperature at
the blade root. Thus the effectiveness of a coocled blade 1s a
measiure of the metel-temperature reduction achieved by the cooled
blade for a given coolant fiow, reletlive to the temperature reductlion
ldeally possible for glven geos and coolant temperatures. The
effectlveness is limited by the magnitude of the heat-transfer
coefficients and the length of the conductive peth through the
meotal. It can be seen that the effectiveness ratio for a given
blade~cooling-passage conflguration 2lso expresses the amount by
which the effective gae temperature can exceed the metal {emperature
for a glven coolant flow and coolant temperature. Anslyses have
gshown that the effectivensss of the plaln hollow blede ie very poor,
whlch limits the design to more effective configurations such as
the insert and finned blades 1llustrated in figure 2.

In the insert blade, the effectiveness ls augmented by
restricting the coolant to the annular passage Immedistely adjecent
to the inside surface of the blade. The lmproved effectiveness of
the finned blade is largely achleved by the increased surface area
expcsed to the coolant end the conductlaon of heat to these areas
by means of the fins. When the finned blade and the lnsert hlade
are compered, in & given case essentially the same amount of heat-
transfer and metal-temperature reduction can be accomplished but



10 NACA RM ESCE22

with ccnsiderebly lese weight flow of cocling alr with the finned
blede. In the finned blade, however, the alr-temperature rise 1s
more rapld and, consequently, the momemtum pressure loss of the
cooling air is greater. In most cases the friction losses are also
higher in a finned blade, and thus the higher effectiveness of the
finned blade is offset to some extent by the greater coolant supply
pressure that must be meintalned. The net effect can be evaluated
anly by the complete engine enslyels,; which reflects the effects

of compreassor bleed and pumpling power. A further conslderation is
the need to compromise between the complexity of the blades having
higher effectiveness and their producibility. In meny cases,
however, a limit exlists on the amommt of loasses that can be sus-
tained, and because of losses the amount of coolent flow must be
minimized. It 1s therefore necessary to develop fabrication methods
for the more complex blade types so that the meximum effectiveness
possible can be attained.

Effect of gas-temperature profile. - The effect of radial
turbine~inlet-gag-temperature profile on blade-metal-~temperature
distribution 1ls shown 1n figure 4. The iyplcal gas-temperature
profile is taken from figure 3. The uniform gas-temperature profile
shown in figure 4 18 an integrated mean of the typlcel gas-
temperature profile. An allowable blade-metel-temperature distri-
bution based on stress-rupture data for a Cr-Mo-Va steel blade
is alsoc glven.

The blade-temperature distributions for the typlcal gas-
temperature profile and the uniform gas-temperature profile are
matched to the allowable curve so that the blade-metal temperature
does not exceed the allowable blede-metal temperature at any point.

The coolent-flow ratio required for the uniform gas-temperature profile
1s 0.0145, whereas that required for the typlcal profile is 0.020.

The uniform profile appears to be more desirable because the coolant
flow required is lower and the blade is not overcooled, over a large

. part of the span, to the extent that occura when the gas-temperature
profile veries widely.

Effect of temperature gradients in blade profile. - The possible
mgnitude of temperature gradlents in the tralling edge of the finned-
blade profile is shown in flgure S. The apanwise dlstribution of
trailing-edge temperature is compared with the gas-temperature profile
end midchord-section-temperature distribution from figure 3. For the
typlcal gas-temperature profile, the trailing-edge temperature reaches
1560° F as compered with & maximum temperature of 1230° F at other
parts of the profile where cooling is more directly applied. The

TeeT
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high trailing-edge temperature is & result of the long conduction
path from the trailing edge to the cooling-air passage. The
desirability of blades with short trailing edges is apparent.
Careful design is required to minimize hot spots; and in the com-
promise between blade-profile merodynamics and heat transfer,
reduction in regulred coolant-flow and trailing-edge temperature

by means of a blade shape that favors cooling is belleved to Jjustify
some loss in turbine efficlency that will probebly result. The most
aerodynemicelly efficient turbine does not necessarily result in the
highest over-2ll engine efficlency.

Determination of Allowebles Blade-Temperature Distribution

Another important varieble, the determination of which depends
on a number of assumptions, is the allowable blade-metal-temperature
distribution for = desired blade life. Typiczl factors that should
enter this determination ere the combined stresses due to centrifugal
forces, gas bending forces, vibratory excitetion, and the strength
properties of the blade materiels under these combined etresses.

The influence of thermal cycles and corroslon effects should also be
correlated, end all these veriables should be systematically related
to the 2lloy content of the blade materisls, as well as to the 1life
of the blade. No satisfactory method has as yet been devised whereby
all these factors can be taken into account.

Specification of allowable temperature. - It 1s currently
necessary to relate blade life to operating stress and temperature
by means of the stress-rupture characteristics of the materials,
which vary wildely with the alloy content. The simplest centrifugel
stress 1s used &8s the criterion in determining an allowable temper-
ature distribution. Thke assumptlons used to determine the allowable
blade-metel temperature have no effect on the methods of enalysis used
to determine the required coolant flow for any specifled allowable
temperature. The effect of a glven coolant flow on engine per-
formence ls completoly lndependent of the factors that enter the
determination of an allowable temperature. The use of rupbture
criterion specifies the upper limit of blade life and the lower limit
of reguired coolant flow for any selected copdlition. Actual blade
life will probably be much shorter because of other recognized
influences such as fatigue, thermel effects, and corrosion phenomens,
which at present must be svaluated from experlence.

The rupture properties of representative alloys, which are used
to define the allowable blade temperature, are i1llustrated in fig-
ure 6, vhich presents allowable stress ageinst temperature for a
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rupture life of 1000 hours and the cooling requirements for a repre-
sentatlve engine condltion. OFf the alloys shown, the highest pro-
perties are developed by S-816, a high-temperature alloy thet contains
approximately 96-percent strateglc metals and about 4-percent irom,
vhich is sulteble for uncooled operation at 1500° I at the stress
level of about 16,500 pounds per square inch shown by the dot-dash
line. This stress level ls arbitrarily set in flgure 6 for the
purpogse of compering other materials with S-8l6 operating uncooled
at 1500° F on the basis of 1000-hour rupture life. At the low end
of the alloy scale 1s SAE 1015, which is substantially 100-percent
iron; for this streses level, SAE 1015 has an allowable temperature
of about 970° F, which is more than 500° lower than the uncooled
blade. As a2 first step In reduwotion of strategic-metal content, an
intermediate group of alloys containing SO percent or more iron and
eliminating the most strategic metals, columbium and cobalt, may be
considered. Typical of these elloys is the 16-25-6 alloy, which,
for the specified streee level of 16,500 pounds per square inch,

has an allowable temperature of about 1380° F and requires less than
125° F reduction in temperature below the uncooled blade of S-816.

In the range between SAE 1015 and the 16-25-6 slloy, there are
many ferrous alloys that develop remarkable properties with very
small eddlitions of strategic elloying elements and thus offer
possibilities of substantisl savings in strateglic elements. A
typical alloy in this range is Cr-Mo-Va steel having lese than
S-percent alloy content and en allowable tempersture around 1100° F
at the stress level of 16,500 pounds per squere inch. The pro-
pertles of this steel are superior to many highly alloyed stazinless
steels at temperatures up to 1100° F. HNew developments such as the
one point shown in figure 6 for the Ti-Bo (titanium-boron) steel
Indicate that further lmprovements may be expected. This perticular
steel has 2.25-percent chromium and l-percent molybdenum, with
addlitions of 0.30-percent titanium and 0.03-percent boron.

Limitations in allowable blade temperature. - The slgnificance
of diminishing returns in the cooling process is apparent from the
lower curve in figure 6, which illustrates the rotor coolant-flow
ratios required for the arbitrary stress level starting with 1500° F
a8 the uncooled-blade temperature. The coolant-flow ratios are
plotted against blade-metal temperature at the midspan of e seven-
finned blade assuming a constent value of thermal conductivity for
all metals shown. The vertlocel dotted lines indicate the allowable
temperatures for 1l000-hour rupture life for the varlous blade
materiels at a stress of 16,500 pounds per square inch. The coolant-
flow requirement increases repildly with temperature reduction below
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that of the uncooled blade. For example, the 100° F decrement from
1500° to 1400° F is obtained with an increment of approximately
0.0025 1n coolent-flow ratlo; whereas the 100° F decrement from
1000° to0 900° F requires a corresponding increment of 0.0135 in
coolant-flow ratio. The coolant flow required to achieve the 400° F '
reduction in metel temperature for the Cr-Mo-Va steel 1s a little
more than one-half that reguired for the SAE 1015 steel. Thus,
eliminating the remeining smell amocunt of alloying elements results
in approximetely twlece the coolant-flow requirements for a fixed
turbine-inlet temperature of 1500° F, and it is evident that & com-

promise 1s necessary in establishing & permissible alloy content for
‘the nonetrategic-alloy blade.

The low coolant-flow ratios thet are 1llusirated in the lower
curve apply to &n sctnel engine only for design conditions that
fulfill those of the calculatlon. These low coolant-flow ratios
could be obtained in practice only for ldeal conditions of gas-
temperature dlstribution and blade siresses and for e modified blade
profile end pessage configuration that provide a favorable blade~
temperature distribution approaching the cne-dimensional case. In
this sense, each peint on the curve represents & deslgn point and is
the minimum coolant-flow reatlo thet could occur under the speclified
operating conditions of the turbine. Similarly, the design conditlomns
that result in these minimum coolant flows represent a goal or
obJective that should be considered in ths initial design of &
cooled turbine.

In the results subsequently glven, various curves are ldentified
by the alloy that wae used to specify the allowable metal temperature;
1t 1s necessary to recall thet practical reaslization of a turbine
design using the Indicated coolant-flow ratios and metals is subject
to the limitations discussed throughout the section ANATYSIS.

EESULTS ARD DISCUSSION

The methods and the considerstione prevliously outlined have bsesen
applied to compare the effectiveness of a finned and an insert blade,
pimilar to those shown in figure 2, using the substitution of
nonstrategic blade alloys as a means of selecting the allowable blade-
temperature distribution. The typical results given up to this point
for the finmed blade show effects that occur at some constant spec~
ified flight conditlon. Over a range of flight conditlons, altitude
and flight Mach number effects are encountered hecause the blade heat-
transfer coefficients are dependent on the varistions in engine-gas
welght flow and pressure ratio that occur with a2ltitude and flight
speed.
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Coolant-Flow Requirements

The coolant-flow ratios required for the finned and insert blade
of nonstrategic Cr-Mo-Va steel are presented in figure 7(a). The
coolant-flow ratlio far both finned and insert blades Increases with
altitude, for example from 0.0105 at sea level to 0.018 at the
40,000-foot altitude for the finned blade. The lower effectlveness
of the insert blede 1s shown by the substantially larger coolant-
flow ratios, slmost twlce that of the finned blade, throughout the
eltitude range. Finned blades with smaller fin thickness and spacing
than the blade used in this analysls have been made for experimentsl
purposes end have greater theoretical cooling effectiveness than the
blede coneldered 1n this report. The Mach number through the coolant
passage also increages wlith coolant-flow ratic and altitude and both
of these factors tend to increase the cooclant-supply pressure required
for the cooling air. A critical altitude might be deflned for a glven

. blade where the regquired coolant supply pressure reaches the compressor-
discharge pressure, although this limitation could be relieved with
an auxiliery compressor. Blades with hlgh effectlveness and with
convergent cooling passages tend *to have a higher pressure drop then
blades of low heat-transfer characteristics and constant-area
pessages. It is therefore unwise to esteblish the mschanical end
aserodynamic design of the blading without considering passage con-
figuration lnasmuch as pressure limitetions may be encountered later
when atvtempting to provide adequate cooling. No detalled analysis
has been made of the potentlalities of alr cooling at altltudes
above 40,000 feet. In general & coollng-air preasure ratio egqual
to the turbine pressure ratio is always avalilable by bleed from the
compressor discharge.

TeeT

Engine Performance

A comparison of blade configurations on the basis of reguired
cooclant-flow ratlo alone does not include the adverse effects of the
hlgher pressure drop in the finned blade. In order to make this com-
parison, 1t is neceesary +to complete the engine calculations to deter-
mine the thrust and the specific fuel consumption. The comparison of
the two configurations on the beslis of percentage loss in specific
engine thrust at the required coolant-flow ratioc is presented in fig-
ure 7(b) for the sams flight conditions and for the fixed turbine-
inlet temperature of 1500° F. The flnned blade has the lower thrust
loga throughout the altitude range, and at & maximum altitude of
40,000 feet shows a thrust loss of approximately 3.5 percent as com-~
pared with 5.5 percent for the insert blade. The percentage loss in
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specific thrust does not completely reflect the change in over-all

-engine efficiency brought 2bout by the cooling losses inssmuch as

the air bled from the compressor for coollng 1s not burned and thus
less fuel is used in the cooled engine. It 1s, however, an Important
performence varleble thet ls consldered 1n evelusiing cooling.

& truer measure of the cooling losses is the percentage lincrease
in specific fuel consumpticn, which bears & direct relation to the
over-all efficlency of the engine. The perceatege increase in fuel
consumption 1s plotted ageinsgt eltitude for the two cooling-pessage
configurations in figure 7(c). The specific fuel consumption is
Increased significantly with both blades and the net losees with
the finned blisde are less than with the insert blade.

The manner in which the cooling variables Influence the thrust
and Tusel consumption is shown in table I, which presents the
significant items in the comperiscn among the finned blade, the
insert blade, end the unccoled engine.

Although the coolant-passage pressure ratic, which represents
the pressure drop of the cooling alr, is larger for the finned blade
then for the insert blade, the extermsal coolant compressor horse-
power 1s less for the finned blade. This condition resulis from the
smaller welght flow of ccolant regquired. ILikewlse, the internal
coolant pumping power for the finmned blzade is lower than for the
ingert blande. In addltion, the weight flow of working fluld avail-
2ble in the turbine is higher with the finned blade. The work
required per pound of turblne working fluld consequently is less
wilth the finned blade, which results in higher Jet-nozzle total-
temperature and pressure ratlos.

Siniler comparisons have been made over & wide range of con-
ditlons, and at higher coolant flows more marked differences occur
between the finned and insert blades. A comperison wilth the results
of table I is glven in the following teble for higher reguired coolant
flows, which represent a reduction of approximetely 100C F in the
allowable blade-metal temperature relative to that of table I. The
other englne operating conditions are the same as those of table I.
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Reguired cool- | Higher required

ant flow of coolant flow

table I (lower allowable
blade temper-
gture)

Pinned| Insert| Flnned| Insert
blade blade blade blade

Rotor coolent-flow ratic ¢.018 | 0.034 0.030 | 0.0863
Decrease in thrust, percent 3.8 5.5 6.3 | 11.0
Increese ln specific

fuel consumption, percent| O0.70 1.15 2.47 4.07

For elther the finned or insert blade, the incresse in required coolant-
flow ratio resulis in a substantiel increment in specific fuel con-
sumption. At the higher coolant-flow ratlos, the advantage of the
finned blade is indlcated by the much larger differences in
periformence.

As previously mentioned, these results are the minlmum coolant-
flow ratio and cooling losses that could occur and other factors
such as gas-temperature profile, large local temperature gradients,
and the comblned stresses, which ocour in actual englne operation,
would result in substantial Increases in coolent flow and cooling
losses. This fact reemphasizes the necessity for attempting to
approach the design conditlons of ges-temperature profile and favorable
blade-temperature digstribution previously mentloned.

Heet-Exchanger Requlrements

The desirabllity of a heat exchanger between the compressor
bleed point and the turbline to control the ceooling-air temperature
was previously mentioned. The emphasis has previously been placed on
coolant-flow ratio; however, the cooling-eir temperature is also of
importeance. In addition to the saving in cooling-sir-flow requirements
permitted by lower inlet cooling-slr temperatures, the required coolant-
supply pressure 1s also reduced due to the decreased cocling-air
Mach number in +the pessage.

The required coolant-flow ratios glven herein are all for an
assumed relative totel cooling-sir tempereture of 300° F in the
cooli: ' passage &t the blade root. The compressor-elr temperature
at the ‘leed polnt is, In most cases, hlgher than that allowed by the
specified cooling-air temperature of 300° F at the blade root and
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a2 heat exchanger would be required. For the two configurations con-
sidered herein, the maxlmum heat dissipation is reguired for the
insert blade at sea level and ls approximately 63,000 Btu per hour.
This dissipation 1s less then the probable olil-cooling regulrement
of the engine so that the problem of heat disposal is not critical
in supplying cooling air to the blade root at 300° F. Further
reduction in cooling-alr temperature would be desirable for the
reasons previously given.

Effect of Increased Turbine-Inlet Temperature on Required

Coolant-Flow Raetio and ‘mno'lnn Performance

s Ve ERPIyLL-nELll

As turbine-inlet temperature is Increased in an uncooled turbo-
Jet engline, both thrust and speclific fuel consumption Increase. The
results previously given have shown that alr ccoling of the turbine
blades adversely affects the engine performence. The calculations
were therefore extended for the 40,000-foot-altitude flight con-
dition to determine coolsnt-flow requlrements and engine perfor-
mence at turbine-inlet temperatures of 2000° and 2500° F. The
general engline conflguration, engine spesd, compressor-alr weight
flow, and compressor pressure ratio were held constant. It was
also agsumed that the turbine blading could be modlified to match
the compressor for all coolent-flow ratlos and turbine-inlet temper-
atures. In evaluating the englne performence at the 2000° and 2500° F
turbine-inlet temperature, 1t was assumed that thé cooling alr was
bled off at the compressor discharge. Otherwlse, the same assump-
tions that were mede in the analysis for & turbine-inlet temperature
of 1500° F were mede Tor the high-temperature calculations. At
higher turbine~inlet temperatures, the neglect of radlation effects 1s
not as reasonable an apsumption as at the gas temperature of 1500° F
and would make the calculated coolant flows lower than required If
radlation were comsidered; however, thie assumption has no effect cn
the performance values cbtelned for a given coolant flow.

The values of thrust and specific fuel consumpticn obtalned in
this analysis are plotted in figwre 8. The thruet is plotited in
figure 8(a) as percentage of that of the uncooled engine &t 2 turbine-
inlet temperature of 1500° F esgeinst totel coolant-flow ratio for
three turbine-inlet temperatures. For each turbine-inlet temper-
ature, the thrust decreases with 1lncressing coolant-flow ratio.
Turbine-inlet temperature caen be increased to overcome this loss;
but as & result of this gas-temperature increase, the coolant-flow
requirement for a given blade metel slso increases ceausing addi-
tional cooling losses. Thisg fact 1s 1llustrated by the two curves
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for finned blades of Cr-Mo-Va steel and SAE 1015. For the
Cr-Mo-Va steel blade at & turbine-inlet temperature of 1500° T,
the total, or rotor-plus-statcr, cooclant-flow ratio reguirement is
0.028 and the thrust decreases to 96.5 percent of rated thrust.

To restore the engine to rated thrust requiree an increase in
turbine-~inlet temperature that results in an increase in reguired
cooclant-flow ratioc to approximately 0.034, as Indicated by +the
point of intersection of the Cr-Mo-VE steel curve and the curve of
100-percent rated thrust. For the blade of SAE 1015, a larger
increase in turblne-inlet temperature is necessary to restore the
thrust and is a.ccompanied. by a stilld la.rger increase in required
coolent-flow ratio.

Teet

In completely eliminating the strategic-alloy content in the
blades, for exemple, by substituting SAE 1015 for a low-alloy steel,
alloy requirements of other engine parts thet are a2lso exposed to
the hot geses and represent a larger percentage of the total englne
welght may be Increased as a result of the higher turbine-inlet
tempersature. In an engine using nonstrategic meterials, the rotor
bledes should heve the highest alloy content of any of the parts
exposed to the hot gmees In order to achleve maximum saving of
strateglic metals.

At a turbine-inlet temperature of 2000° F, an engine with
Cr-Mo-Va steel blades requires a total coclant-flow ratio of 0.075
and has a net thrust 23 percent greater than the uncooled engline
at 1500° F. At a turbine-inlet temperature of 2500° F with the
Cr-Mo-Va steel blede, a total coolant-flow ratio of 0.130 1ls required
and a ne‘b thrust 43 percent greeater than that of an uncooled engine
at 1500° F 1is obtained.

A plot of specific fuel consumption against total coclant-flow
ratic for three gas temperatures is shown in figure 8(b). For en
wncooled engine, the specific fuel consumption incresses es turbine-
inlet-ges temperature 1s increased. Alsc, for all three gas tem-
peratures, the trend of specific fuel consumption is to increase as
coolent-flow ratio is increased. AV low gas temperatures, the specific
fuel consumption is sensitive to low coolant-~flow ratlos; whereas at
higher gae temperatures lerger coolent-flow ratios can be used with-
out excessive increzses in epecific fuel consumption relative to a
coolant-flow ratio of 0. This relstion probably exists because for
a2 glven coolant flow the cooling losses eare a smaller percentage of
the higher total energy avellasble at higher temperatures.
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The following teble glves some results of the calculatlons made
of engine performence &t & turbine-inlet temperature of 2500° F with
uwcooled turbine blmdes andé with flnned and insert blades. The cool-
ant flows used with the finned andé insert blades are the calculated
required coolant flows for Cr-Mo-Va steel blades wlth 1000-hour
rupture life. The calculations were made for a& flight Mach number
of 0.788, an altitude of 40,000 feei, and an engine espeed of
7600 rpm.

Type of blade
TUncooled Cooled
Finned | Tneert
Required rotor ccolent-

flow ratio 0 0.120 0.235
Specific turblne work,

Btu/1b 72.9 90.5 | 111.8
M™Morbine pressure ratio 1.6 1l.83 2.14
Jet-nozzls pressure ratic 3.T2 3.27 2.80
Jet-nozzle total temperature, : }

o 2267 2029 1802
Thrust, lb 1575 1359 1137
Specific fuel consumption,

1b/1b-hr 1.648 l.662 | 1.724

Comperison with table I shows that the specific turbine work 1s
higher for the cooled engine a.'b e turbine-inlet temperature of 2500° F
than at & temperature of 1500° ¥ as a coasequence of the higher pumpling
power and reduced working fluid available to the turbine. Because the
turbline-iniet temperature ls higher, however, the required turbine
pressure ratio is lower end the Jet-nozrle temperature and pressure
ratic are higher. The net result ls s thrust increase of 48.2 per-
cent for the finned blede and 26.6 percent for the ingert blade.

The fuel consumption is su'bs‘ba.n‘bial'l.y Increased over that obtalned at
& turbine-inlet tempersture of 1500° F, but comperison of the cooled
with the uncooled engine at 2500° F shows that the fuel consumption
of the finned blede is onlg slightly greater than that obtalned for
an uncooled engine at 2500 F at this compressor pressure ratlo. The
engine with insert blades shows about 4.6 percent lncreese In fuel

consumption when compared wlth the umcooled englne at the same turbine-
inlet temperature.

In the previous calculatione for higher turbine-inlet temper-
atures, it was essumed that, a8 turbine-inlet temperatures are
Increased, the compressor-air weight flow and presswre ratic arse
held comstant and that the turblne blading could be modified to match



20 NACA RM ESOE2Z

the compressor and the turbine. For en engine having a fixed turbine-
stator configuration, a certaln percentage of compressor-alr welght
flow must be bled off In order to match the turbine to the compressor
at turbine-inlet temperatures above the design point. Whenever the
required bleed for cooling purposes is less than that required for
miching, 1t 1s desirable 4o find means by which this difference in
welght flow cean be passed through the turbine. There are two
posslble solutions. The compressor pressure ratio could be allowed
to increese as temperature is increased and the resulting recovery

in ges denslity would ald In passing the welght flow through the

choked stator. The limiting value of compressor pressure ratlo at

a glven rotative speed would be reached et the point of compressor
surge. The other possible solution 1s to Incorporate an adjustable~
angle turbine stator, such as proposed Iln reference 7. This variable-
angle turbine stator could be adjusted along with increasing turbine-
inlet temperature to maintain matching between compressor and

turbine.

Posslbllitles of Turbojet Englne

The present Jjustification of the turbojet englne in military
gircraft is primarily the high thrust of the engine. In general,
further increase in engine size to achleve greater thrust does little
to improve engine flexibility. The necessity for establishing the
alrcraft and englne design at a fixed high-power point results in
high cruising fuel consumption because the alrcraft is forced to fly
at an wneconomical high speed.

The performence potentlalities of unccoled turbolet engines at
various design points is illustrated in figure 9 (data from refer-
ence 1), which presents the specific thrust end specific fuel con-
sumption as functions of compressor pressure ratio and turbine-
inlet temperature. The relative ultimate range of a sultable high-
speed-aircraft configuration is oross-plotted on the figure.

At any fixed compressor pressure ratio within the rangs of com-
Pressor pressure ratios consldered, the longest crulsing range at
subsonic aspeeds is obtained with the lowest turbine-Iinlet temperature.
However, the fact that there is little margin of excess power avaeilable
for take-off, climb, snd combat maneuvers with such an engine may make
it impreactical. Figure 9 also shows that much higher speclific thrust
can be obtalned at high turbine-inlet temperature; but the maximum
range of the alrcraft, for a glven compressor pressure ratic, ls less.
A worthwhile obJective would be to evolve a power plant for modern
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high-gpeed alrcraft that would have the desirable features of both
high- and low-temperature operation, thereby increasing both the
maximim-power performence and the meximum-range performence.

This obJective could be realired with an engine deslgn that
permits operatlion et constant compressor pressure ratio and welght

" flow regardless of turbine-inlet temperature andi thet embodles =z

fturbine~cooling system that permits selection of eny turbine-inlet
temperature within an adequate range. The essential design festures
are a compressor having high peak pressure ratio, for example 16,
and an adjustable blade-angle turbine stetor that permits matching
of the components at any turbine-inlet temperature within the
deglired range without difficulties from compressor-surge charac-
terlstics. The adjustable turblne stator provides a varieble flow
area between the compressor and the turblne and in conjuncitich with
2 variable-area tail pipe glives the turbojet englne many of the
deslrable cruise-conitrol cheracteristicas of the reciprocating air-
craft engine, depending on the effectiveness of the verisble-area
gtator.

If such an engine were designed for cperaticn at a maximum
turbine-inlet temperature of 2540° F and & compressor pressure ratio
of 16, the performsnce at all deslgn points shown by the dashed line
in figure 9 for a pressure ratio of 16 would be awvellsble by proper
ad Justment of the varlable-angle turblne stator. The maximum specifiec
thrust would be in the order of 70 percent greater than that of
current engines with conslderable improvement in specific fuel con-
sumption. Wilth the use of the adjustable blade-angle turblne stator,
the turbine-inlet temperature could be reduced for crulsing at e
lower power with approximetely 23 percent further reduction in
specific fuel consumption. The fuel consumption at the crulsing con-
dition would bs reduced approximetely 33 percent relative to englnes
using & compressor pressure ratlo of 4 and & turbine-inlet temperature
of 1540° F. The power regulation available in this case would have
the addltional adveniage of permititing an sppropriately designed alr-
craft to operate at higher lift-drag ratlios at reduced flight speeds,
contrary to the limitations currently encountered wlth turbolet-
powered aircraft. Thlis mode of operatlon would provide an additional
advantage in maximmm range while retaining the lerge margin In excess
power avellable. This power reduction for cruising could be accom-
plished wilith an improvement in specific fuel consumption, which is
the opposite of the case for the normel engine matched at only one
design point. The advantage of this arrangement for maximum endurance,
a8 in sirport-traffic petterms, 1s also a2pparent in comperison with
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the current fixed-stator turbojet engine, which does not yet permit
economicel "stacking” operation. The foregoing presentation is
necegsarlily brief but serves to indicate the nature of future
developments that may leed to substantizl lmprovements in over-all
alircraft performance.

The applicetion of the turbelet engine 2t very high flight
speeds presents a differemt problem. At supersonlc speed, any
engine varlable that affects the physical slze of the fuselage or
other body enclosing the engine 1s of prime lmporitance. The two
most significent results of range anslyslse at supersonic speeds are
that the compressor pressure ratios required are lower and that for
any glven compressor pressure ratlo above 4 an optimum turbine-inlet
temperature exists for greatest range, which 1s & higher temperature
than that currently possible wilth uncooled turbines. This circum-
gtance results dlrectly from the high thrust per square foot of
frontal area that is obtained with high turbine-inlet temperatures.

SUMMARY OF RESULTS

Typical resulis from an analysis of alr-cooling the turbine
bledes of an axial-Flow turbojet engine have been presented to
11llustrate the epplication of theory and experimental data and to out-
line the cheracteristlcs of the cooling process, the limitations
that may occur, and some of the design considerations. These results
mey be summarlzed as follows:

1. For & fixed turbine-inlet temperature, alr coolling decreased
the specific thrust of the engine. The effects of air coocling on
speclfic fuel consumption were considerably smaller.

2. The occurrence of diminishing returns with increase in degree
of cooling was observed as & fundamental characterlstlc and suggested
that complete sliminetion of the strategic elements from the blade
alloy is inadvisable on the basis of cooling reguirements and losses.

3. The highest possible cooling effectiveness was desirable to
minimize losses 1n engine performance.

4. The regquired coolant-flow ratio incressed wlth altlitude, and
some compression of the cooling air wes gensrally required for the
cooling-alr supply.
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5. The radial turbine-linlet-temperature élstribution seemed %o
have a considerable effect on coolant-flow requlirements, and the
desirable distribution seemed 4o be wniform rather than increasing
radially with s peak occurring near the blede +tip.

6. Because of the high coolant-supply pressure required, 1t was
generally necessaery to bleed the cooling ailr from the compressor.

7. In selecting the blade profile, considerable attention must
be given to the cooling of hot spots such as the leeding and tralling
edges, which otherwise may run seversl hundred degrees hotter then the
midchord section of the blade.

8. The anslyses indiceted that substantlel reduction of strategic-
metal content in fturbine-hblede alloys can be made with reasonable
sacrifice in over-sll englne performance.

9. In military engines using nonstrateglc materials, the rotor
blades should still have the highest alloy content relative to the
other perts exposed to the hot gases.

10. The application of cooled turbinee wlth high pressure-ratlo
compressors snd adJjustable-blade-sngle turblne stators offers lumprove-
ment In flexibility, maximum range, and endurance. .

Lewls Flight Propulsion Iaboratory, :
National Advisory Commlttee for Aeronsutics,
Cleveland, Ohio.
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TABIE I

COMPARISON OF SIGNIFICANT PERFORMANCE VARTABIES FOR

COOLED AND UNCOCLED TURBOJET ENGINE

Eﬁ.l'bitude s 40,000 feet; flight Mach number, 0.788; turbine-inlet
temperature, 1500° F; Cr-Mo-Ve steel, 1000-hour rupture life.]

a5

~ Type of blade

Uncooled Cooled
Finned | Insert
Compressor inlet welght flow,

lb/sec e ® ®» © o & & @ o & ® o a = 20.14 20.14 20-14
Reguired roter-ccolant

‘H’eight flow, J:b/sec e o » & o & & ® - - 0.38 0.69
Rotor coolant-flow ratio .« « « « +» - - - 0.018 | 0.034
Stator coolant-Tlow ratio s ® & e @ - - - 0.010 0.010
Rotor coolant-temperature

riB6; OF ¢ ¢ v ¢ ¢« ¢ ¢ ¢ o o o o --- 624 378
Heat loss to coolant, hp « « « « « - - - - 80.6 g1.8
Coolant-passage pressure ratlo .« « - - - 1.33 1.20
External coolent compressor

POWEL) UD = o ¢ s o s s = o s o o = - - - 48.3 65.9
Internal coolant pumping

pOVer,hp-.......-.... - - = 26.0 48.6
Main compressor power

plus suxiliaries; hp « « « « « « & 2152 2092 2058
Total turbine power, hp e e s s o 2152 2164 2173
Turbine weight flow, lb/sec .« « . « 20.50 19.92 | 19.60
Specific turbine work, Btu/lb . . - 74.2 76.8 78.4
Turblne pressure ratio s 8 o & & & » 2-15 2.21 2.25
Jet-nozzle pressure ratio a e s s e 2.79 2.72 2.67
Jet-nozzle total temperature, °r .. 1236 1215 1199
ThruS'b, lb - - L] L] L] L3 L] - - L ) [ ) - @ 950 917 898.
Specific fuel consumption,

ID/AD-Br o o o o o o s o o o o o o 1.328 | 1.337 | 1.343
Decrease in thrust, percent « & o o - - - 3.5 5.5
Increase in specific fuel

consunption, percent . « « ¢ ¢« o . - - - Q.70 1.15 °
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Figure 3. - Comparison of two methods for computing blade-
metal temperature distribution using gas-temperature
profile shown. Finned blade; altitude, sea level; engine
speed, 7600 rpm; rotor-coolant-flow ratio, 0.02. ({(Data

from reference 3.)
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Figure k. - Comparison of coclant-flow requirement and blade-
metal-~temperature distribution for two gas-temperature
profiles. Finned blade; altitude, sea level; engine speed,

7600 rpm. Alloweble blade-metal—temperature curve determined

for Cr-Mo-Va steel with rupture life of approximately L4000

hours. (Typioal gas-temperature profile and corresponding
blade-metal distribution curve from fig. 3.}
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Figure 5. - Approximate trailing-edge-temperature distribution
for gaa-temperature profile and midchord-section temperature
gshown. Finned blade; coolant-flow ratio, 0.02; thermal
conductivity, 15 (Btu/(hr)(£4)(°F)). (Typical gas-
temperature profile and midchord-sectionetemperature curve
from fig. 3.
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Figure 6. - Comparison of stress-rupture properiies of various blade

materials for 1000-hour blade-rupture life. Rotor-coolant-flow
requirements against blade-metal temperature at midspan for finned blade.
Altitude, %0,000 feet; flight Mach number, 0.788.
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Figure 7. - Required coolant flow, percentage decrease in
thrust, and percentage increase in specific fuel consumption

for finned and insert blades.

steel; blade-rupture life, 1000 hours; flight Mach number,

Blade material, Cr-Mo-Va

0.788; turbine-inlet temperature, 1500° F.

TeeT



NACA RM

180

160

140

rated thrust

120

Percentayg

100

Specific fuel consumption,
1b/(br)(1b thrust)

1.2

EBOE22 33
T 1 b
Turbine-inlet
temperature, °F
—]
\\
\
e e
-
Cr-Mo-Va steel] .-~
___._________-_~‘?000 P
\,\\ ‘ -~
*-:-—:; I
T
/ S e
_ SAE 1013—\_, |
—
e P Rated thrust for
prd het | [ 1
—— T T T
——4——d_ 1500 |_- [ uncooled engine
TS
T
4
(a) Variation of thrust. Required coolant-flow ratios for finned
blades of two alloys.
T ] T
Turbine-inlet
temperature, °F
2500
—
2000 —T |
- + 1500 ——
//
NACA
i
o) .02 .04 .06 .08 .10 .12 .1k

Total coolant-flow ratio

(b) Variation of specific fuel consumption.

Figure 8. - Variation of thrust and specific fuel consumption with

total coolant-flow ratio for three turbine-inlet temperetures.
Altitude, 40,000 feet; flight Mach number, 0.788; compressor
pressure ratio, 4.h42; engine speed, 7600 rpm; stator coolant-flow
ratio, 0.01.
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Figure 9. - Performence of turbojet-engine cycle.

Flight Mach number,

0.738; altitude, 30,000 feet; compressor and turbine efficiencies, 0.90.

(Data from reference 1.)
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